Abstract-Measuring water content in concrete and cement based materials is of critical importance to improve structures delayed behaviour prediction. The study presents the application of electromagnetic homogenization schemes like the Symmetric Bruggeman model to connect measured complex permittivities with material's saturation. These models enable to take into account microstructure specificities depending on the material under test. A model taking into account the complex microstructure of cement paste is described. The combination of those analytical processes at the different scales of the material enables great improvement in water content prediction compared to classical empirical or calibration laws.
INTRODUCTION
Concrete delayed behaviour is closely linked to the moisture transfers within it. Nondestructive methods used to determine the water content in civil engineering structures are often based on electromagnetic waves propagation through the cementitious medium [1] . However, it is still difficult to connect the measured macroscopic permittivity to pores' saturation degree as the measured property does not only depend on the material's water content. Calibration samples can be used in this purpose but this process often goes together with many drawbacks like a very long process. Geometrical arrangement of the structural components as well as the property of each of them can influence the effective value. Analytical homogenization processes such as the MaxwellGarnett mixing law or the symmetric Bruggeman effective medium theory [2] , can be used to connect the equivalent macroscopic permittivity of a heterogeneous sample to the property and quantity of its components within the medium. The study shows that using such homogenization schemes to the different scales encountered within a cement-based material can offer similarities in the prediction of actual experiments results. The evolution of the macroscopic permittivity as a function of the saturation can then be used to determine the water content in a concrete structure and improve the delayed behaviour prediction. First of all, open-ended coaxial probes used to measure permittivities are presented. Then, electromagnetic properties of the concrete's phases were investigated to be used as an entry for the specific combination of homogenization models developed to predict the water content in the structure.
II. PRESENTATION OF THE OPEN-ENDED COAXIAL PROBES USED AS THE MEASURING DEVICES
The measuring devices used in the study are open-ended coaxial probes connected to a vector network analyzer (Fig.  1) . The non-destructive and non-invasive characteristics of such tools enable investigations of different kinds of media permittivity like biological tissues and liquids [3] , agricultural products [4] , soils and also flat surfaces of solid samples like cement or concrete [5] . In the present study, measurements were performed with different probes characterized by different radii and therefore investigating different volumes according to the nature of the sample under test. Measurements can be acquired within a specific frequency range driven by the vector network analyzer. Using a capacitive model [6] to deduce complex permittivity from reflection coefficients acquired by the vector network analyzer, both real and imaginary part of samples permittivity can be calculated. 
III. ASSESSING THE PERMITTIVITY OF CEMENT'S PHASES
A. Concrete's microstructure Concrete microstructure can be defined at different scales ranging from nanometers to centimeters. A porous structure is observed within the hardened cement paste phase where most of the water is present. Solid part of this phase is made of a large variety of chemical components called hydrates and 978-1-5386-4593-2/18/$31.00 ©2018 European Union including C-S-H paste (calcium silicate hydrate), Portlandite (calcium hydroxide), anhydrous components etc. [7] . At the highest scale of a concrete structure (millimetres to centimetres), hardened cement paste can be seen as a homogeneous phase surrounding solid aggregates (large aggregates and sand). Fig. 2 presents a picture of the microstructure at the highest scale.
B. Measuring the permittivity of Portlandite and anhydrous cement Portlandite and anhydrous cement (CEM I) are usually found in a powdered state. To determine their permittivities, a small amount of each element was reduced to solid-like state by compressing them using a hydraulic press. Built samples porosity was then measured by performing a hydrostatic weighing with a non-reactant liquid (here 2-propanol). Permittivity measurement of those two phase media is now used in a homogenization process to identify the permittivity of the anhydrous cement or of the Portlandite. Assuming a fictive geometry of the sample consisting in a mixture of spherical inclusions of solid and air, we can use the Symmetric Bruggeman model to identify the solid part property according to equation (1),
where φ is the porosity of the sample, εeff its effective permittivity i.e. the macroscopic property measured, εair the dielectric constant of air (εair=1) and εs the unknown property of the solid part. Calculated permittivity of the anhydrous cement and Portlandite is equal to 9.0±0.1 and 7.0±0.1, respectively. Uncertainty is calculated from the best fit obtained with the mean measurement plus experimental uncertainty. When using this value as an entry for the Bruggeman equation, effective permittivity can be calculated and compared with the measured spectrum. Results are presented on Fig. 3 . A very good matching between simulated and measured permittivity is observed.
C. Measuring the permittivity of C-S-H
Investigating the electromagnetic properties of C-S-H can be really challenging as such component cannot be found in the nature in significant quantities enabling to perform measurements. To determine the complex permittivity of C-S-H, different samples were built by reacting Ca(OH)2 (Portlandite) with C3S (tricalcium silicate) and water. This chemical reaction produces a solid and porous mixture of C-S-H, Portlandite and porosity. Keeping these samples at saturated state, homogenization processes were applied to the three phase medium (C-S-H, Portlandite and water) to deduce the permittivity of C-S-H paste. Volumetric fraction of each phase was determine by XRD (X-Ray Diffraction). Permittivity of Portlandite is chosen to be equal to 7.0±0.1 as shown above and permittivity of water is chosen to be frequency dependent according to Debye model [8] . Best fit between simulated C-S-H permittivity and measurement is obtained with C-S-H permittivity being equal to 5.3±0.5 and conductivity of water being equal to 1.5S/m. Results in both real and imaginary part of the homogenized permittivity are presented on Fig. 4 . 
IV. APPLICATION OF ELECTROMAGNETIC HOMOGENIZATION SCHEMES TO PREDICT THE WATER CONTENT OF A CEMENT STRUCTURE
Cement components' permittivities being estimated, one can use them as an entry for a more complex homogenization process aimed at connecting the volumetric fraction of water included within the material and its macroscopic effective permittivity. To compare calculation results with experimental values, cement samples were made and fully characterized. Their porosity as well as the volumetric distribution of their phases is presented in Table 1 . Samples' porosity is measured according to a water porosimetry process and which gives a porosity equal to 31.7%. The homogenization scheme chosen was suggested by Sanahuja et al., [9] for the modelling of cement elasticity. It can be described following the geometry presented in Fig. 5 . This process is divided into three homogenization steps taking into account the geometry of the microstructure. Calculation was performed to determine the effective permittivity of such fictive cement paste at different saturations. A decrease in both real and imaginary part of the permittivity is observed as the water content decreases. Those results were compared with measurements performed onto the cement pastes. To decrease their saturation, samples were placed in an oven set at 60°C. Water content was then calculated by monitoring the weight loss process. Permittivity measurement were performed at different saturations ranging from 100% to 40%. In order to compare results from simulation and experiments, real and imaginary parts of permittivity were averaged over the frequency range [750MHz; 1GHz]. The deduced values are presented as a function of saturation in Fig. 6 . 
V. CONCLUSION AND PERSPECTIVES
In order to improve water content determination in cementbased materials, a model based on homogenization processes is built. Properties of the cement components are measured with an open-ended coaxial probe and are used as inputs for the model. A very good matching between calculation and experimental results is obtained at different saturations for hardened cement pastes. To extend this study to the measurement of water content in concrete, permittivity measurements must be performed onto rocks used as aggregates in the concrete formulation. A simple extension of the current model should then take into account the addition of such aggregates to the material's microstructure. Also, consideration about the effects of water adsorbed on the surface of cement pores to the macroscopic permittivity of the materials should be studied.
